Introduction
At the beginning of the eighties of the 20 th century, the first mentions of optic fibre application other than telecommunication application, especially as chemical and physical sensors, were published. At the same time, the possibility of design of interferometer sensors appeared. The fibre interferometers do not only duplicate the volume interferometers with improvement in an optical path. As a new quality, with reference to volume technique, it is possible to achieve detection and localization disturbance along the fibre. Dakin, Pearce, Strong, and Wade were the pioneers of this technique [1] . They showed that combination of two interferometers, Sagnac interferometer and Mach-Zehnder one, allowed for disturbance localization. So, they have opened unusually interesting application areas for that conception which includes also the perimeter sensors. Dakin's idea was developed by Chtcherbakov, Swart, and Spammer [2] . They showed accuracy disturbance localization for 100-m fibre length as well as disturbance localization possibility in the system with the modified Sagnac and Michelson interferometers [3] . First of all, the other publications concerning fibre sensors were proposed by Ronnekeiv, Blotekjer, Krakenes [4] , Udd [5] , Russell, and Dakin [6] .
In the security technology, a fibre optic started from simple systems where an alarm was generated only when a fibre (placed inside a fence, a net or a wire) was cut or broken [7] . Next stage of the development constitutes a speckle pattern detection method in which a displacement of a waveguide caused by pressure or vibrations on the cable causes the output light wave front to alter.
More sophisticated fibre optic perimeter sensors are based on the interferometers [8] , mainly in Sagnac and Michelson configurations. Main advantage of the fibre interferometers is the possibility of measurement of phase changes of interference light beams, within the range of 10 -6 radians. Moreover, interaction of a measurand with a phase of light does not cause, as a rule, break of optical loop due to application of adequately shaped phase fibre converters. The measured value which is implicit function of the interferometer transfer is retrieved as an explicit function by means of optoelectronic demodulation systems [9] .
The fibre optic Sagnac interferometer is a natural choice as a perimeter sensor because of its inherent insensitivity to temperature fluctuations. This sensor can detect an intruder along a protecting zone, but its main drawback is impossibility of determination of the crossing point. So, we proposed and investigated the sensor that consisted of two separate Sagnac interferometers with sophisticated signal processing.
The aim of this paper is to propose a sensor that makes use of the inherent properties of the Sagnac and Michelson interferometers. After demodulation of the signals from both interferometers, the obtained amplitude characteristic of the Sagnac interferometer depends on a position of disturbance along the interferometer, while amplitude characteristic of the Michelson interferometer does not depend on this position. So, a quotient of both demodulated characteristics is proportional to the position of the disturbance along the fibre optic. During construction of the sensor, we applied the configuration proposed by Spammer [10] . However, we used a novel signal processing and a localization method scheme. Figure 1 presents numerical arrangement of the sensor with the Sagnac (SI) and Michelson (MI) interferometers that constitute one common fibre optic loop. The SI is supplied from a laser I (l 1 = 1310 nm) through a 2×1 wavelength division multiplexed coupler (WDM) and a 3×3 broad band coupler (BBC). Inside the loop, the waves travel in opposite directions, so we have clockwise (cw) and counterclockwise (ccw) beams for l 1 . After circulation, the both beams interfere in the BBC and the resultant light intensity is observed at the photodetectors l 1 thanks to the WDM couplers.
Numerical model of a sensor
The MI is supplied from a laser II (l 2 = 1550 nm). Through the WDM and the BBC couplers, the light travels in both directions of the loop. In the middle of the loop, there are two WDM couplers that redirect light into the ports that ends with the mirrors (M 1 and M 2 ). The beams are reflected and come back along the same path they have travelled. The beams interfere in the BBC and the resultant light intensity is observed at the photodetectors l 2 thanks to WDM couplers. Both interferometers make use of the same fibre, so the phase change caused by a disturbance is the same.
In our simulations, we assumed that the phase change f z caused by the disturbance can be written as
where Y 0 is the amplitude and W is the angle frequency of the disturbance. The disturbance causes the phase change of the SI cw and ccw beams at different times. The signals from the SI, detected by the photodetectors l 1 , may be expressed as [11] 
where I 0 is the irradiance of the source, B is the BBC coefficient ratio, V is the contrast, Df s t ( ) is the phase difference between cw and ccw beams,
is the time difference between the beams for the SI, D is the disturbance distance along the fibre loop, L is the length of the loop, c is the light velocity, and n is the refractive index of the fibre. We neglected the inherent phase shift caused by the 3×3 coupler (±2p/3).
For the disturbance described by Eq. (1), we can express the signals from the MI as [12] 
where Df m t ( ) is the phase difference between the beams from the measuring and reference arms of the interferometer.
In order to reproduce an implicit function of the phase change, we process the signals from the interferometers [Eqs. (2) and (3)] by means of the passive homodyne demodulation scheme. As a result, the following relations can be obtained for the SI and MI, respectively 
It can be seen that the signal from the SI depends on the disturbance amplitude and the distance i sz (t) = f(Y 0 ,D), while the signal from the MI depends only on the disturbance amplitude i mz (t) = f(Y 0 ). So, the quotient of the SI signal and derivation of the MI signal enables us to determine the position of the disturbance, as follows
The above considerations do not take into account many factors like ratios of couplers, polarization influences, and reflections of the mirrors. So, in order to determine the real position of the disturbance distance D we should calibrate the sensor.
Simulation of a numerical sensor and its calibration
We divide the sensor into two modules: optoelectronic module ( Fig. 1 ) and signal processing one that consists of the following units: demodulation, filtration, averaging of the quotients as well as calibration and localization (Fig. 2) .
Simulations of the sensor were conducted in the conditions close to reality. A numerical model of the sensor was supplied with the potential noise sources (background noise BN, detector noise DN, Fig. 1) . Simulations of the sensor were carried out for harmonic phase disturbances with every category of noise. The example of a result is presented in Fig. 3 for the following parameters, the measuring arm length L L = 3250 m, the disturbance amplitude Y 0 is 5-57 rad, the disturbance frequency f z = 100 Hz, the disturbance point D = 300 m, the refractive index n = 1.48, the noise of the photodetectors a N-d = 1-3%, f N-d = 1-3.5 kHz, and the background noise a N-bg = 3%, f N-bg = 2 kHz. The numerical model of the sensor contained two different demodulators. Differentiate and cross multiply demodulator (DCM) [13] was used as a SI demodulator and the second MI demodulator was a digital phase reading approach demodulator (DPR) [14] .
Noise added to the detectors causes also fluctuation of the quotient of the reconstructed disturbance signals. The quotient of the signals filtered by means of a median filter is shown in Fig. 4(a) . Moreover, the median function was used in order to determine an oscillation value, Fig. 4(b) . The result of a signal averaging was controlled by means of a signal histogram, Fig. 4(b) .
The same procedure can be also applied to any disturbance distance along the loop. As a result, calibration characteristic X(D) of the sensor can be obtained (Fig. 5) .
The calibration characteristic makes it possible to determine the calibration coefficient A cal from the formula
The simulations show that the noise from photodetectors contributed mostly to the errors. Finally, the determined theoretical accuracy of the sensor is equal to 36 m.
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Experimental results
The above presented simulations proved correctness of the localization method and enabled us to construct the sensor. Taking advantage of the above-mentioned conception of the sensor, the Sagnac-Michelson interferometer set-up was built (Fig. 6 ) and tested in laboratory conditions in order to evaluate its parameters. The sensor loop had 6500-m length and was arranged on a table using many coils of fibres. The polarization controllers placed in the fibre loop allowed us to adjust a polarization state of the interfering beams. In order to disturb the fibre, a mechanical disturbance modulator was placed between the coils at four positions.
The output signals were filtered by means of a RC low-pass filter (0-5 kHz) and digitalized. Afterwards, they were registered and send to a data processing unit (Fig. 2) . Below, we present the results of simulation of MI and SI signals which were conducted in the conditions close to reality.
The convergence of laboratory and simulation results (Fig. 7) proved that the numerical model of the sensor was correctly constructed. Fig. 9(a) .
According to expectation, the filtered quotient X(t) of MI and SI outputs oscillated around a some value. To determine this value, the median function was used, Fig. 9(b) .
The calibration characteristic was determined for the following distances of the mechanical disturbance position, 253 m, 1150 m, 2263 m, and 2754 m and for different harmonic disturbances, Fig. 10(a) . Simultaneously, the modulator position along the loop D was determined by means of the optical reflectometer ANDO AQ 7153 (with 4 meters uncertainty). We calculated the sensor's calibration characteristic for the confidence level (95.4%).
We tested our sensor for eight distances, i.e., 253 m, 749 m, 900 m, 1150 m, 2007 m, 2263 m, 2512 m, and 2754 m by means of harmonic and impulse disturbances. The results are presented in Fig. 10(b) . We estimated the sensor's accuracy as dD= ±40 m.
Conclusions
We proposed the method of intruder localization along a protection zone by means of the Sagnac and Michelson interferometers as well as the sophisticated signal processing. We simulated our setup and ±36 m accuracy was obtained for the 6500-m loop. Next, we constructed the laboratory So, future research of the sensor will include the field test of the sensor.
